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Coxiella burnetii, the agent of Q fever, is an obligate intracellular microorganism that grows in monocytes/
macrophages. The internalization of virulent organisms by monocytes is lower than that of avirulent variants
and is associated with actin cytoskeleton reorganization. We studied the activation of protein tyrosine kinases
(PTKs) by C. burnetii in THP-1 monocytes. Virulent organisms induced early PTK activation and the tyrosine
phosphorylation of several endogenous substrates, including Hck and Lyn, two Src-related kinases. PTK
activation reflects C. burnetii virulence since avirulent variants were unable to stimulate PTK. We also
investigated the role of PTK activation in C. burnetii-stimulated F-actin reorganization. Tyrosine-phosphory-
lated proteins were colocalized with F-actin inside cell protrusions induced by C. burnetii, and PTK activity was
increased in Triton X-100-insoluble fractions. In addition, lavendustin A, a PTK inhibitor, and PP1, a Src
kinase inhibitor, prevented C. burnetii-induced cell protrusions and F-actin reorganization. We finally assessed
the role of PTK activation in bacterial phagocytosis. Pretreatment of THP-1 cells with lavendustin A and PP1
upregulated the uptake of virulent C. burnetii but had no effect on the phagocytosis of avirulent organisms.
Thus, it is likely that PTK activation by C. burnetii negatively regulates bacterial uptake by interfering with
cytoskeleton organization.

Coxiella burnetii, the cause of Q fever, is an obligate intra-
cellular microorganism that inhabits monocytes/macrophages
(23). This gram-negative bacterium is classified in gamma sub-
division of class Proteobacteria (33). The virulence of C. burnetii
affects its entry into macrophages (3). Indeed, virulent organ-
isms are poorly internalized and survive in monocytes, whereas
avirulent variants are efficiently phagocytozed but are elimi-
nated. The uptake of virulent C. burnetii depends on avb3

integrin, whereas that of avirulent bacteria requires avb3 inte-
grin and CR3 (aMb2 integrin, CD11b/CD18). The coengage-
ment of avb3 integrin and CR3 is responsible for the efficient
phagocytosis of avirulent C. burnetii by monocytes, and the
restricted phagocytosis of virulent organisms is related to the
impairment of CR3 activity. In addition, only virulent organ-
isms induce cell protrusions rich in F-actin in monocytes (22),
suggesting that the actin cytoskeleton is involved in the control
of C. burnetii phagocytosis.

The phagocytosis of particles by macrophages depends pri-
marily on the reorganization of actin cytoskeleton underlying
the region of plasma membrane that is in contact with the
particle. F-actin assembly in this region is initiated by signals
arising from the interaction between ligand and phagocyte
receptors (13). The phagocytosis mediated by immunoglobulin
Fc receptors (FcgR) depends on the activation of protein ty-
rosine kinases (PTK), as demonstrated by the use of PTK
inhibitors or the replacement of tyrosine residues in tyrosine

activation motifs of FcgR (28). Although the mechanism of
integrin-mediated phagocytosis is less understood, it may also
involve cytoskeleton reorganization and PTK activation. Hence,
the engagement of b1 and b2 integrins on neutrophils and
macrophages leads to the phosphorylation of cytoskeleton-
associated proteins and the redistribution of integrins into cy-
toskeleton (20, 36). In nonphagocytic cells, the activation of
PTK also provides an uptake signal for several invasive patho-
gens such as Yersinia species (27), Listeria monocytogenes (17),
enteropathogenic Escherichia coli (7), Helicobacter pylori (29),
and Campylobacter species (35). In addition to its effect on
phagocytosis, the activation of PTK favors the microbicidal
activity of phagocytic cells. To prevent PTK-mediated micro-
bicidal responses, some pathogens down-modulate the PTK
pathway. Hence, YopH, the plasmid product of Yersinia spe-
cies that contains C-terminal tyrosine phosphatase domain,
mediates the dephosphorylation of tyrosine phosphoproteins
such as p130cas (1), and it inhibits bacterial internalization by
macrophages (2). Salmonella enterica serovar Typhimurium
possesses a tyrosine phosphatase, SptP, which once injected
into target cells induces the disruption of actin cytoskeleton
and thus may regulate bacterial uptake by phagocytes (11).
Alternatively, Mycobacterium tuberculosis and/or its lipoarabi-
nomannan down-regulates macrophage activation by stimulat-
ing the activity of SHP-1, a cytosolic protein tyrosine phospha-
tase (25).

In this study, we examined whether C. burnetii stimulates
PTK activity in THP-1 monocytes and if PTK activation is
related to bacterial uptake through cytoskeleton reorganiza-
tion. We showed that virulent C. burnetii organisms, but not
avirulent organisms, induced an increase in PTK activity and
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the tyrosine phosphorylation of several endogenous substrates
including myeloid Src-related kinases, Hck and Lyn. The ty-
rosine phosphoproteins stimulated by C. burnetii were redis-
tributed in cell protrusions, and PTK activity was increased in
Triton X-100-insoluble fraction, showing that PTK activation is
related to cytoskeleton rearrangement. In addition, the uptake
of virulent C. burnetii was increased by PTK and Src kinase
inhibitors, suggesting that PTK activation is critical for the
phagocytosis of virulent C. burnetii through cytoskeleton mod-
ulation.

MATERIALS AND METHODS

Cells and bacteria. The human myelomonocytic cell line THP-1 was cultured
as previously described (22). Cells were propagated at an initial density of 4 3
105 cells per ml in RPMI 1640 containing 20 mM HEPES, 10% fetal bovine
serum, 2 mM L-glutamine, penicillin (100 U ml21), and streptomycin (100 mg
ml21) (Gibco-BRL, Life Technologies, Eragny, France) by biweekly passages.
THP-1 cells were maintained in Hanks’ balanced salt solution (HBSS) for 4 h at
37°C before stimulation. C. burnetii organisms (Nine Mile strain) were injected
into mice as previously described (3). They were recovered from spleens after 10
days and were cultured in mouse L929 fibroblasts maintained in antibiotic-free
Eagle minimal essential medium (Gibco-BRL) supplemented with 4% fetal
bovine serum and 2 mM L-glutamine for two passages. Avirulent variants of C.
burnetii were cultured in L929 cells by repeated passages (21). After 1 week, L929
cells were sonicated, and the homogenates were centrifuged at 8,000 3 g for 10
min. Bacteria were layered on 25 to 45% linear Renografin gradient. Then the
gradients were spun down, and the bacteria were collected, washed, and sus-
pended in serum-free HBSS before being stored at 280°C. The concentration of
C. burnetii was determined by Gimenez staining. Bacterial viability was deter-
mined as previously described (6). Briefly, monolayers of HEL cells were in-
fected in shell vials. After 10 days, cells were fixed and intracellular C. burnetii
organisms were revealed by indirect immunofluorescence. Viable organisms
were assessed by measuring the number of fluorescent vacuoles per shell vial.

Tyrosine kinase assay. THP-1 cells were stimulated with C. burnetii (bacteri-
um-to-cell ratio of 200:1) in HBSS containing 2 mM sodium orthovanadate for
different periods at 37°C. In some experiments, they were preincubated with
cytochalasin D (1 mg ml21; Sigma Chemical Co., St. Louis, Mo.) for 10 min
before bacterial stimulation. Thereafter, THP-1 cells were homogenized in the
presence of protease inhibitors as previously described (37). For cytoskeletal
preparations, 1% Triton X-100 was added to cells for 10 min at 4°C, and the
lysates were spun down at 15,800 3 g for 30 min. The supernatant (Triton-soluble
fraction) was saved, and the pellet (Triton-insoluble fraction) was resuspended in
the same volume of lysis buffer. Twenty microliters of lysate or fractions (corre-
sponding to 100 mg of proteins ml21) was added to a 30-ml reaction mixture
consisting of p-nitrophenylphosphate (0.5 mg ml21) and glutamine-tyrosine co-
polymer [poly(Glu, Tyr); (1 mg ml21) Sigma]. The reaction was started by adding
1 mCi of [g-32P]ATP (10 Ci mmol21; NEN, Paris, France) in the presence of 10
mM ATP. After 10 min at 30°C, 40 ml of solution was spotted on filter paper (P81;
Whatman), and radioactivity was counted with a model 2100TR Packard scin-
tillation counter.

Western blotting. THP-1 cells (106 per assay) were incubated with C. burnetii
for different periods at 37°C. The reaction was stopped by centrifugation at 4°C,
and the experiment was performed as previously described (37). Cell pellets were
suspended in ice-cold lysis solution containing orthovanadate and protease
inhibitors (Roche Diagnostics, Meylan, France). After 30 min of incubation,
Laemmli buffer was added to cell homogenates. The mixture was boiled, and
about 30 mg of proteins was loaded on sodium dodecyl sulfate (SDS)–7.5%
polyacrylamide gels. The proteins were transferred to nitrocellulose sheets, and
unreacted sites were blocked by incubating sheets in a solution containing 0.05%
Tween 20 and 5% milk for 2 h. Blots were washed and incubated with a 1:3,000
dilution of monoclonal antibody (MAb) directed against phosphotyrosine (PY-
99; Santa-Cruz Biotechnology, Tebu, Perray-en-Yvelines, France) for 60 min.
After washing, nitrocellulose sheets were incubated with a 1:3,000 dilution of
peroxidase-conjugated F(ab9)2 anti-mouse immunoglobulin G (IgG; Amersham,
Orsay, France) for 60 min. Blots were revealed using an enhanced chemilu-
minescence detection kit as specified by the manufacturer (Amersham). The
molecular weight of tyrosine-phosphorylated proteins was determined with
kaleidoscope standards (Bio-Rad Laboratories, Marnes-la-Coquette, France).
Autoradiographs were quantitated by scanning densitometry and absorbance
curves integrated using Image Master software (Pharmacia Biotech, St. Quentin-

en-Yvelines, France). Densitometric analyses were performed on gels with dif-
ferent exposure times, and the ones giving linear absorbance curves were used to
obtain semiquantitative assessment.

Immunoprecipitation assay. THP-1 cells (4 3 106 per assay) were stimulated
with C. burnetii for different periods, and cell homogenates were incubated
overnight with 1 mg of rabbit affinity-purified antibody (Ab) (Santa Cruz Bio-
technology) directed against Hck, Lyn, or Fgr in lysis buffer. Protein G-agarose
beads (Roche Diagnostics) were added to cell preparations for 45 min. The
beads were then washed three times with buffer consisting of 200 mM NaCl, 20
mM Tris-HCl, 1 mM EDTA, and 1% Triton X-100 and again washed with the
same solution containing 500 mM NaCl. After a final washing with phosphate-
buffered saline, the immunoprecipitates were spun down and suspended in 30 ml
of Laemmli buffer. Samples were loaded on SDS–10% polyacrylamide gels,
electrophoresed, and transferred onto nitrocellulose sheets. Tyrosine-phosphor-
ylated proteins were revealed using MAb PY-99 as described above for Western
blotting. Membranes were stripped and reprobed with anti-Hck, anti-Lyn, or
anti-Fgr Ab.

Laser scanning confocal fluorescence microscopy. The colocalization between
tyrosine phosphoproteins and F-actin was determined as follows. THP-1 cells
were incubated with C. burnetii in HBSS containing sodium orthovanadate for
different periods and fixed with 3.7% formaldehyde. After permeabilization with
lysophosphatidylcholine (LPC; 0.1 mg ml21; Sigma) in HBSS, cells were incu-
bated with antiphosphotyrosine MAb (1:20 dilution) for 30 min, rhodamine-
conjugated F(ab9)2 anti-mouse IgG (Immunotech, Marseille, France) and 10
bodipy phallacidin (10 U ml21; Molecular Probes, Eugene, Oreg.) for 20 min.
The specimens were mounted in slow-fade solution (Molecular Probes) and
examined with a laser scanning confocal fluorescence microscope (Leica, Lyon,
France) equipped with a 603 (numerical aperture, 1.4) oil immersion lens as
previously described (4). Serial optical sections of images were collected at
0.5-mm intervals and analyzed with Adobe Photoshop 3.0. Bodipy and rhodamine
images were converted into green and red images and merged to synthesize a
yellow color.

PTK inhibitors and bacterial phagocytosis. THP-1 cells (5 3 105 per assay)
were pretreated with 10 mM lavendustin A (BioMol, Tebu), 10 mM PP1 (Alexis
Biochemicals, Coger, Paris), or dimethyl sulfoxide as vehicle for 30 min and then
incubated with C. burnetii in 0.5 ml of HBSS at 37°C. In some experiments, they
were pretreated with 2 mM calphostin C, 0.1 mM KT5926, or 5 mM ML-7
(BioMol), inhibitors of protein kinase C, calmodulin kinase II, and myosin light
chain kinase, respectively. After 2 h, cells were washed to remove free bacteria
and centrifuged at 800 3 g. Then they were fixed with 1% formaldehyde, and
bacteria were revealed by immunofluorescence as previously described (3).
Briefly, cell preparations were incubated with rabbit Ab directed against C.
burnetii at 1:250 in the presence or the absence of LPC (0.1 mg ml21) washed,
and incubated with a 1:200 dilution of fluorescein isothiocyanate-conjugated
F(ab9)2 anti-rabbit IgG (Immunotech). Without LPC, only cell-bound organisms
were revealed; bound and ingested organisms were revealed in the presence of
LPC. The association index was quantified as follows: (number of bacteria per
positive cell) 3 (percentage of positive cells) 3 100. The difference of indexes in
the presence and the absence of LPC quantified the uptake of C. burnetii
(phagocytosis index).

Data analysis. Results are given as mean 6 standard error (SE). The statistical
analysis was conducted with paired Student’s t test. Differences were considered
as significant if P , 0.05.

RESULTS

C. burnetii-induced PTK activity and tyrosine phosphor-
ylations. THP-1 cells were incubated with C. burnetii at a
bacterium-to-cell ratio of 200:1 for different periods, and PTK
activation was determined using an assay based on the incor-
poration of 32P into poly(Glu,Tyr) (Table 1). The addition of
virulent C. burnetii to THP-1 monocytes elicited PTK activa-
tion, which was increased fourfold after 10 min. Then, the PTK
activity steadily decreased, reaching baseline values between
30 and 60 min. In contrast, avirulent variants of C. burnetii
were unable to elicit an increase in PTK activity whatever the
duration of the experiment. We also determined the molecular
masses of endogenous substrates that were tyrosine phosphor-
ylated by Western blotting. C. burnetii stimulated the tyrosine
phosphorylation of proteins migrating at 55 to 56, 60, 63 to 66,
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90, and 120 kDa (Fig. 1A). Their phosphorylation levels in-
creased after 1 min of stimulation, reached maximum values
between 10 and 15 min, and then steadily decreased to resting
values at 120 min. Avirulent variants of C. burnetii did not elicit
a significant increase in tyrosine phosphorylations whatever the
time of stimulation (Fig. 1B). Phosphorylation levels of the
major substrates were quantified by densitometric scanning
(Fig. 1C). The phosphorylation of 55- and 66-kDa proteins at
10 min was threefold higher than unstimulated values. Phos-
phorylation of the 120-kDa protein was increased threefold
after 1 min and reached a maximum (sixfold increase) after 10
min. Hence, C. burnetii virulence was related to PTK activation
and tyrosine phosphorylation of cellular substrates.

C. burnetii-stimulated tyrosine phosphorylation of Src-re-
lated kinases. C. burnetii-stimulated phosphoproteins migrat-
ing from 55 to 66 kDa may be Src-related kinases. The three
main monocyte PTKs, Hck, Lyn, and Fgr (37), were immuno-
precipitated from whole cell extract, and their phosphorylation
levels were assessed (Fig. 2). Hck migrated as a 60-kDa pro-
tein. Its tyrosine phosphorylation was increased 2.7 6 0.2-fold
after 5 min of stimulation with virulent C. burnetii and became
maximum (3.9 6 0.3-fold increase) at 30 min, before returning
to baseline by 120 min. The amounts of immunoprecipitated
Hck remained constant during the 120 min of stimulation. Lyn
migrated as a doublet of 53- and 55-kDa proteins; their phos-
phorylation was increased 2.2 6 0.2-fold after 1 min and re-
mained constant during 120 min. Fgr was immunoprecipitated
as a 58-kDa protein but was not tyrosine phosphorylated in
response to C. burnetii. Again, avirulent variants of C. burnetii
were unable to stimulate the tyrosine phosphorylation of Hck
and Lyn (Fig. 2). Thus, virulent C. burnetii specifically stimu-
lated the tyrosine phosphorylation of Hck and Lyn.

Association between tyrosine phosphoproteins and actin cy-
toskeleton. As virulent C. burnetii induces the early reorgani-
zation of F-actin inside polarized protrusions in THP-1 cells
(22), we wondered if the stimulation of PTK and the reorga-
nization of actin cytoskeleton are related. First, we investigated
the localization of tyrosine phosphoproteins and F-actin in C.
burnetii-stimulated THP-1 cells (Fig. 3). Only virulent organ-
isms induced a maximum reorganization of F-actin at 10 min,
according to previous findings (22). Tyrosine phosphoproteins
were detected in areas rich in F-actin after 5 min and reached
maximal concentrations in cell protrusions at 10 min. After 15
min of stimulation, phosphotyrosine staining declined with the
recovery of cell shape. Second, C. burnetii-stimulated THP-1
cells were treated with 1% Triton X-100 and spun down, lead-
ing to Triton-soluble and Triton-insoluble fractions. Virulent

C. burnetii organisms significantly (P , 0.05) enhanced PTK
activity in the Triton-insoluble fraction but elicited only a mod-
erate increase in PTK activity in the Triton-soluble fraction
(Fig. 4A). Avirulent variants of C. burnetii did not stimulate
PTK activity in Triton-insoluble and -soluble fractions (Fig.
4B). Third, THP-1 cells were pretreated by cytochalasin D and

TABLE 1. C. burnetti-stimulated kinase activitiesa

C. burnetti

Mean cpm after stimulation/cpm before
stimulationb 6 SE (n 5 5)

10 min 30 min 60 min

Virulent 3.85 6 1.22c 1.94 6 0.45 1.10 6 0.07
Avirulent 1.14 6 0.10 1.10 6 0.11 1.05 6 0.03

a THP-1 cells were incubated with C. burnetii at a bacterium-to-cell ratio of
200:1 for 10, 30, and 60 min and then homogenized in lysis buffer. The reaction
was started by incubating cell homogenates with poly(Glu,Tyr) and 1 mCi
[g-32P]ATP; radioactivity was measured with a scintillation counter.

b 59,580 6 7,475 cpm.
c P , 0.05.

FIG. 1. Tyrosine phosphorylations stimulated by C. burnetii. THP-1
cells were incubated with virulent (A) or avirulent C. burnetii (B) at a
bacterium-to-cell ratio of 200:1 for different periods at 37°C. Tyrosine
phosphorylations were revealed by using antiphosphotyrosine MAb,
peroxidase-conjugated secondary Ab, and an enhanced chemilumines-
cence kit. The molecular masses of phosphoproteins were determined
using standards of known molecular mass (right margin, in kilodal-
tons). Arrowheads at the left indicate positions of phosphorylated
proteins. Panels A and B are representative of five distinct experi-
ments. (C) Tyrosine phosphorylation levels of 55-, 66-, and 120-kDa
proteins were assessed by densitometric scanning. Results are ex-
pressed as relative increase over the unstimulated value and are the
mean 6 SE of five distinct experiments.
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then stimulated by C. burnetii. Cytochalasin D at 1 mg ml21

markedly impaired the activation of PTK induced by virulent
organisms in Triton-insoluble fraction (Fig. 4). Taken together,
these results showed that phosphoproteins and F-actin reorga-
nization stimulated by virulent C. burnetii were associated.

Effect of PTK inhibitors on the F-actin reorganization and
C. burnetii phagocytosis. The role of PTK in the reorganization
of F-actin cytoskeleton was assessed by using lavendustin A, an
inhibitor of PTK, and PP1, an inhibitor of Src-related kinases
(32). The doses of inhibitors were determined as those inhib-
iting tyrosine phosphorylations induced by virulent C. burnetii
(data not shown). THP-1 cells were pretreated with 10 mM
lavendustin A or PP1 for 30 min before stimulation with C.
burnetii for 10 min at 37°C. In unstimulated cells or cells incu-
bated with avirulent variants of C. burnetii, lavendustin A, and
PP1 to a lesser extent, induced aberrant reorganization of
F-actin in 25 to 30% of cells; the changes included concentra-
tions of F-actin inside the cells or at their periphery, as well as
long and narrow protrusions at the cell surface (Fig. 5A. im-
ages c and d). Virulent C. burnetii induced polarized protru-
sions in 84% 6 6% of cells after 10 min, as previously reported
(22). Cell pretreatment with lavendustin A and PP1 inhibited
C. burnetii-stimulated polarized protrusions rich in F-actin in
50% (P , 0.01) and 68% (P , 0.001) of cells, respectively (Fig.
5). Using the same inhibitors, i.e., lavendustin A and PP1, we
also investigated the role of PTK in the uptake of C. burnetii by
THP-1 cells (Table 2). Pretreatment of THP-1 cells with 10
mM lavendustin A increased the phagocytosis of virulent
C. burnetii 1.9-fold. PP1 at 10 mM increased the phagocytosis
of virulent organisms in a similar way. In contrast, the two

inhibitors had no effect on the phagocytosis of avirulent vari-
ants of C. burnetii. To rule out a bias caused by the high
amount of phagocytosis of avirulent bacteria (3), THP-1 cells
were incubated with a lower concentration of bacteria (bacte-
rium-to-cell ratio of 50:1). Under these conditions, lavendustin
A and PP1 at 10 mM were unable to increase the phagocytosis
of avirulent variants of C. burnetii (Table 2). The effect of

FIG. 2. Src-related kinases in C. burnetii-stimulated cells. THP-1
cells were stimulated with virulent or avirulent C. burnetii for different
periods, homogenized, and incubated with 1 mg of anti-Hck, -Lyn, or
-Fgr MAb. Proteins were immunoprecipitated (IP), electrophoresed,
and transferred onto nitrocellulose sheets. Immunoblotting was per-
formed with antiphosphotyrosine MAb (PY). Membranes were
stripped and reprobed with anti-Hck, -Lyn, and -Fgr MAbs, respec-
tively. Each blot is representative of three distinct experiments.

FIG. 3. Colocalization of tyrosine phosphoproteins and F-actin.
THP-1 cells were stimulated with virulent (A) or avirulent (B) C.
burnetii for the times (minutes) indicated. Tyrosine phosphoproteins
and F-actin were labeled with antiphosphotyrosine MAb and rhodam-
ine-conjugated F(ab9)2 anti-mouse IgG and with bodipy phallacidin,
respectively. Cells were examined with a laser scanning confocal fluo-
rescence microscope, and representative cells are shown. The colocal-
ization of tyrosine phosphoproteins and F-actin appears in yellow.
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lavendustin A and PP1 was specific since nonrelated kinase
inhibitors including inhibitors of protein kinase C (calphostin
C), calmodulin kinase II (KT 5926), and myosin light chain
kinase (ML-7) did not significantly affect the phagocytosis of
virulent and avirulent C. burnetii by THP-1 cells (data not
shown). These results suggest that Src-related kinases are in-
volved in F-actin reorganization and bacterial phagocytosis
stimulated by C. burnetii.

DISCUSSION

We show here that virulent C. burnetii organisms, but not
avirulent variants, induced PTK activation in THP-1 mono-
cytes. Bacterium-mediated activation of PTK has already been
reported for nonphagocytic cells (8). In macrophages, the ac-
tivation of PTK would create hostile environment for patho-
gens. Hence, the survival of microorganisms in macrophages
has been rather associated with the limitation of PTK activa-
tion (2, 25). This study describes a novel strategy of PTK
activation by an intracellular pathogen to establish an ecolog-
ical niche in microbicidal cells.

PTK activation stimulated by virulent C. burnetii is associ-
ated with the tyrosine phosphorylation of three major endog-
enous substrates migrating as 55, 63 to 66, and 120 kDa. The
55-kDa substrate may correspond to the tyrosine phosphory-

FIG. 4. Distribution of PTK activity in cell fractions. THP-1 cells
were pretreated with cytochalasin D (1 mg ml21) or not pretreated and
stimulated by virulent (A) or avirulent (B) C. burnetii for 10 min. Cells
were then lysed by 1% Triton X-100. Triton-soluble and -insoluble
fractions were incubated with poly(Glu, Tyr) and 1 mCi of [g-32P]ATP.
Radioactivity was measured with a scintillation counter; cpm in Triton-
soluble fraction before stimulation 5 29,500 6 5,870; cpm in Triton-
insoluble fraction before stimulation 5 25,660 6 5,110. Results are
expressed as the ratio of counts after stimulation to counts before
stimulation and represent the mean 6 SE of five distinct experiments.
p, P , 0.05.

FIG. 5. Effect of PTK inhibitors on F-actin organization. (A)
THP-1 cells were pretreated with 10 mM PTK inhibitors for 30 min
before stimulation with virulent C. burnetii for 10 min. F-actin was
labeled with bodipy phallacidin, and its reorganization was examined
with fluorescence microscopy. a, control cells; b, C. burnetii-stimulated
cells; c, cells preincubated with lavendustin A; d, cells preincubated
with lavendustin A and stimulated by C. burnetii; e, cells preincubated
with PP1; f, cells preincubated with PP1 and stimulated by C. burnetii.
(B) Percentage of cells with protrusions rich in F-actin.
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lation of some Src-related kinases. Myeloid cells including
THP-1 cells express mainly Hck, Lyn, and Fgr kinases (32, 37).
Using immunoprecipitation assays, we showed that Hck was
phosphorylated on tyrosine residues in response to C. burnetii,
but the increase in Hck phosphorylation was delayed com-
pared to whole tyrosine phosphorylations. Lyn was also ty-
rosine phosphorylated in response to virulent organisms. The
increase in tyrosine phosphorylation levels of Lyn was lower
than that of Hck but occurred earlier after the addition of C.
burnetii. Thus, Lyn may be the initial Src-related PTK activated
after the engagement of monocyte receptors by C. burnetii, and
Hck may be a downstream target. Otherwise, the activation of
Lyn may be required for early PTK activity whereas Hck may
be involved in sustained PTK activation. The phosphorylation
of Lyn and Hck was specific since Fgr was not tyrosine phos-
phorylated in response to virulent C. burnetii. This pattern of
tyrosine phosphorylation of Src-related kinases is distinct from
that caused by other pathogens (5, 15, 16, 30). We also showed
that a 120-kDa protein was a major substrate of C. burnetii-
stimulated PTK. Some cytoskeleton-associated PTK have been
reported to migrate with similar molecular masses. Focal ad-
hesion kinase may be a candidate but it was not expressed by
THP-1 cells, and p130cas was not tyrosine phosphorylated in
response to C. burnetii (data not shown). Recently, it has been
reported that Pyk2, a PTK related to focal adhesion kinase, is
expressed in myeloid cells and is tyrosine phosphorylated in
response to lipopolysaccharide (34). Although Pyk2 was ex-
pressed in THP-1 cells, it was not tyrosine phosphorylated in
response to virulent C. burnetii (data not shown). This 120-kDa
protein remains to be identified.

We previously found that virulent C. burnetii organisms, but
not avirulent variants, stimulate early reorganization of the
actin cytoskeleton inside cell protrusions in THP-1 monocytes
(22). Since the kinetics of tyrosine phosphorylations and F-
actin rearrangement were superimposable, we studied the re-
lationship between the two events. First, virulent C. burnetii
induced the colocalization of tyrosine phosphoproteins and
F-actin inside the protrusions. The association of PTK with
F-actin is required for Shigella internalization (9). Second,
PTK activity was increased in Triton-insoluble fraction of stim-
ulated cells. This increase corresponded to an association with
actin cytoskeleton rather than to lipid domains of the plasma
membrane since it was inhibited by cytochalasin D. This find-
ing may be related to enteropathogenic E. coli infection, in
which the translocation of PTK substrates to the Triton-insol-
uble fraction is prevented by cytochalasin D (19). Third, PTK

activation is involved in the induction of cell protrusions and
F-actin reorganization by virulent C. burnetii. The inhibitors of
PTK and Src kinases, lavendustin A and PP1, respectively,
prevented C. burnetii-stimulated cell protrusions and F-actin
rearrangement. These inhibitors also induced various changes
in cell morphology, consisting of F-actin concentrations and
filopodial structures, as elsewhere described (12). It is likely
that the activation of Lyn and/or Hck by virulent C. burnetii
results in the tyrosine phosphorylation of several substrates,
including actin-associated proteins and subsequently in the
reorganization of F-actin, both events leading to the constitu-
tion of actin-PTK complex inside cell protrusions.

In contrast to previously reported effects of PTK activation
on bacterial phagocytosis (8), PTK activation negatively con-
trolled C. burnetii uptake. Indeed, lavendustin A increased the
uptake of virulent C. burnetii by THP-1 cells. This effect was
specific to PTK since other kinase inhibitors had no effect. It
was also specific to C. burnetii virulence since the phagocytosis
of avirulent variants was not affected. The inhibitor of Src
kinases, PP1, increased bacterial uptake as did lavendustin A,
suggesting that Src kinases such as Hck and Lyn mediate the
signal that restricts C. burnetii phagocytosis. Although Src-
related kinases are known to be involved in FcgR-dependent
phagocytosis (10, 24), they may also provide an inhibitory
signal for FcgR- and CR3-mediated phagocytosis (14). As
Src kinases affect cytoskeleton-dependent functions such as
spreading and phagocytosis (9, 10, 31), it is likely that Hck and
Lyn limit the phagocytosis of virulent C. burnetii through their
effect on the actin cytoskeleton. Reorganization of the actin
cytoskeleton may in turn affect the dynamics of receptors in-
volved in the internalization of C. burnetii. We previously
showed that the interaction of virulent C. burnetii with mono-
cytes through avb3 integrin elicits a signal that restricts the
availability of CR3 (3), thus accounting for the low efficiency of
bacterial phagocytosis. Recent results showed that CR3 was
not recruited in cell protrusions stimulated by virulent C. bur-
netii, which thus prevented functional interaction of avb3 inte-
grin with CR3 (unpublished data). Hence, PTK activation may
result in the formation of membrane ruffles that limit the
redistribution of CR3 in contact zones between avb3 integrin
and C. burnetii. Alternatively, avb3 integrin may be the target
of PTK, thus interfering with the cross-talk between avb3 in-
tegrin, CR3, and cytoskeleton. For instance, it has been re-
ported that the ligation of avb3 integrin leads to the tyrosine
phosphorylation of the cytoplasmic domain of b3 chain and to
its physical linkage to cytoskeleton (18, 26).

To conclude, we describe a novel mechanism of control of
bacterial entry into phagocytic cells. The virulence of C. bur-
netii is associated with PTK activation including myeloid Src-
related kinases, Hck and Lyn, and cytoskeleton reorganization.
Both events control C. burnetii phagocytosis since specific in-
hibitors of PTK and Src kinases prevented F-actin reorganiza-
tion and upregulated the uptake of C. burnetii. The control of
C. burnetii phagocytosis likely impairs the mechanism by which
macrophages eradicate the infection.
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TABLE 2. Effects of PTK inhibitors on C. burnetii phagocytosisa

C. burnetii
Phagocytosis index (mean 6 SE (n 5 3)

No pretreatment Lavendustin A PP1

Virulent (200:1) 130 6 37 287 6 29b 262 6 41b

Avirulent
200:1 479 6 69 422 6 35 454 6 51
50:1 218 6 91 180 6 19 195 6 25

a THP-1 cells were pretreated with 10 mM lavendustin or PP1 for 30 min
before stimulation with C. burnetii at the bacterium-to-cell ratios indicated for
2 h at 37°C. Bacterial phagocytosis with determined by indirect immunofluores-
cence.

b P , 0.02.
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